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Abstract

A confluence of several coastal oceanographic features creates an acoustically
interesting region with high variability along the New England Shelfbreak.
Determining the effect of the variability on acoustic propagation is critical for sonar
systems. In the Nantucket Shoals area of the Middle Atlantic Bight, two experiments,
the New England Shelfbreak Tests (NEST), were conducted in May and June, 2007
and 2008, to study this variability. A comprehensive climatology of the region along
with the experimental data provided detailed information about the variability of the
water column, particularly the temperature and sound speed fields. Empirical
orthogonal function (EOF) analysis of the ocean sound speed field defined a set of
perturbations to the background sound speed field for each of the NEST Scanfish
surveys.

Attenuation due to bottom sediments is the major contributor of transmission loss
in the ocean. In shallow water, available propagation paths most often include
bottom interaction. Perturbations in the ocean sound speed field can cause changes in
the angle of incidence of sound rays with the bottom, which can result in changes to
the amount of sound energy lost to the bottom. In lieu of complex transmission loss
models, the loss/bounce model provides a simpler way to predict transmission loss
changes due to perturbations in the background sound speed field in the ocean. Using
an acoustic wavenumber perturbation method, sound speed perturbations, defined by
the ocean EOF modes, are translated into a change in the horizontal wavenumber,
which in turn changes the modal angle of incidence. The loss/bounce model
calculates the loss of sound energy (dB) per bottom bounce over a given distance
based on the change in angle of incidence. Evaluated using experimental data from
NEST, the loss/bounce model provided accurate predictions of changes to
transmission loss due to perturbations of the background sound speed field.
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Chapter 1: Background

1.1 Introduction

It has long been understood that the ocean is a highly variable environment. For
many decades, oceanographers have studied the various features of the ocean, trying to
measure and predict their nature. Oceanographic features and processes exist on a variety
of spatial and temporal scales. Frequently, several processes interact to form a complex

environment across multiple scales.

Varying sound propagation in the ocean is directly correlated to changes in the
water column and seafloor, due to the effect of these characteristics on the speed of
sound. These changes can sometimes be offset or exploited, with a priori knowledge, or

by selection and placement of sensors for a specific purpose.

Uncertainty is a measure of unknown variability which leads us to question the
accuracy of specific acoustic propagation predictions. For instance, how well does a
transmission loss (TL) model accurately predict transmission loss in the real ocean? Is
the predicted TL reliable for a given purpose in this environment? How quickly will the
environment change and make this prediction invalid? These are practical questions

which drive us to improve our understanding of uncertainty.

Uncertainty in ocean model predictions can come from several sources including
the governing equations of the model, field resolution, and input parameters. We are not

interested in updating existing transmission loss models. Instead, we seek to fully

13



understand the variability of the input parameters, which are commonly water column
properties and sediment characteristics, and the ocean processes which affect them. A
better understanding of these parameters and their associated variability will lead to a

greater understanding of the inherent uncertainty of acoustic propagation conditions.

The area of focus is the Middle Atlantic Bight (MAB), a geographic region from
Cape Hatteras, NC, to Cape Cod, MA, encompassing waters from the coastline to the
edge of the continental shelf. Two experiments, the New England Shelfbreak Tests
(NEST), took place within the Nantucket Shoals region of the MAB, in 2007 and 2008
(Figure 1). The waters of the MAB are a great resource to commercial fisheries,
oceanographers studying the dynamic processes of the shelfbreak region, and recently as
a potential site for a renewable wind energy farm. The dynamic environment of the
MAB is a result of the intersection of two water masses from the continental shelf and
slope. Cool, fresh water flows from the north and over the continental shelf. Warm,
saline slope water originates from the Gulf Stream western boundary current. The
shelfbreak front separates the water masses and is a dominant feature within the region.
Often, as a result of the shifting front, shelf water creates a mid-depth layer of cool, fresh
water referred to as the Cold Pool or (acoustically) the Cold Pool duct. The interaction of
water masses along the varying topography of the shelfbreak creates an exciting area on

which to focus our study.
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Figure 1. Map of the Middle Atlantic Bight, showing the location of the Nantucket Shoals (Linder and
Gawarkiewicz, 1998).

1.2 Environmental Variability

Variability of the ocean leads to perturbations in the ocean sound speed field.
When the oceanographic variability is not well quantified, it translates to uncertainty in
our acoustic predictions. However, if we are able to provide a measure of the
environmental variability, through sampling and statistics, we can convert that quantity
into a defined measure of the variability and uncertainty of acoustic prgdictions.
Quantifying acoustic uncertainty provides the operator with a measure of confidence
about the prediction and can lead to better exploitation of the receiver operator

characteristic (ROC) curves.
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There are a seemingly unlimited number of features and processes of the ocean
that demonstrate variability. These include tides, ocean fronts, currents, internal waves,
internal tides, the surface mixed layer, diurnal heating, biomass, sea surface roughness,
wind generated transport, evaporation, and ice cover. Each of these mechanisms can
have an effect on temperature, salinity, density, and water phase, and thus on acoustic
propagation, although not all are relevant in every scenario. Our focus will be on those
features and processes which are relevant to the MAB continental shelf and shelfbreak
region. To begin to quantify the variability of the ocean, we must understand the range of
spatial and temporal scales over which these mechanisms vary. Ocean features and
processes are often categorized by basin, meso- and micro- scale. The basin scale
generally refers to the global ocean and monthly time scales or longer. Included are basin
scale circulations such as gyres and western boundary currents, large scale ocean interior
waves, and seasonal fluctuations. Mesoscale features are generally on the order of 10-
100km and vary temporally from days to months. Examples of mesoscale features are
many fronts and currents, warm and cold core eddies, and tides. Microscale features
have much shorter spatial and temporal scales on the order of 10m to 10km, and minutes

-to hours. Microscale features include the surface mixed layer and internal waves.
Depending on location, these features vary in strength and therefore in their magnitude of

effect on acoustic propagation.

One of our goals is to determine the relative strength of these meso- and micro-
scale features to one another, in order to determine the key contributors to acoustic

variability within a particular region. Some features are well understood, well predicted,
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and although they may be highly variable, contribute little to the overall acoustic
uncertainty due to water column processes. However, many other features which are not
well sampled or understood may be a major source of environmentally generated
uncertainty. Common meso- and micro- scale features which dominate the shelfbreak
region include the tidal cycle, internal waves, the shelfbreak front and both offshore and

shelfbreak eddies.

Tides vary regionally in their magnitude and frequency. Generally, barotropic
tidal cycles are well understood, and surface elevations in particular are reasonably well
predicted. The time scale of the barotropic tidal cycle is predominantly diurnal or semi-
diurnal with some areas having mixed tides. The MAB experiences primarily semi-
diurnal barotropic tides. The lunar cycle also affects the relative strength of these tides,
creating maximum spring and neap tides which provide additional variability. Since tidal
changes have the most effect closest to shore, the effect of the tides on acoustic
propagation is not of primary concern in the open ocean. However, even in coastal
waters such és the MAB shelf and shelfbreak, the effects of barotropic tides are generally

not the dominating factor in changing propagation conditions for transmission loss.

Baroclinic tides, or internal tides, are another source of variability in the ocean.
They can result from well-defined water column stratification and the interaction of
barotropic tides with bathymetric features causing mixing and non-uniform vertical
velocities. Unlike barotropic tides, baroclinic tides are highly variable and not so easily

predicted. Along the New England shelf, variability of baroclinic tides results from

17



seasonal changes in stratification and movement of the shelfbreak front (Shearman &
Lentz, 2004). The effects of baroclinic tides on acoustic propagation are mainly

dependent upon the internal waves created by them and their magnitude.

Internal waves are a ubiquitous feature of the shelfbreak region, common when
irregular topography, intense water column stratification, and strong tidal influences
combine to create baroclinic tides. Important because they can propagate long distances,
sometimes up to several hundred kilometers, and transport significant mass and
momentum, internal waves are difficult to model and predict. Furthermore, the
variability of internal waves can significantly alter the acoustic field as they propagate
through an area, irregularly displacing the pycnocline. Several studies have been
conducted highlighting the common presence of internal waves along the New England
shelf (Apel & Jackson, 2002; Colosi, et al., 2001; Jackson, 2004; Lynch, Lin, Duda,

Newhall, & Gawarkiewicz, 2009; Tang, et al., 2006).

Internal waves generated at the shelfbreak are often soliton like, non-linear waves.
Although these waves travel in the interior of a fluid, they also éause some local
modulation of surface wave height. The complex structure of an internal wave train
begins with a soliton as the leading edge of a bore, a series of decaying oscillations,
followed by a depression of the pycnocline and flattening of the sea surface. Because the
effects of internal waves may be detected on the surface, synthetic aperture radar (SAR)
imagery has been a primary sensor for detecting internal waves. The train of oscillations,

often referred to as the soliton packet, followed by the decreased surface energy is
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Soliton packets are generally formed by barotropic tides interacting with the
shelfbreak. The packets can vary in number of oscillations from a few to several dozen.
The number of oscillations within a packet usually increases as the wave propagates
away from the generation point and ages. In general, the packets are nonsinusoidal and
rank ordered. The amplitude, wavelength, and crest length of individual oscillations
decreases from the front to the back of the soliton packet. Common length scales for the
New England shelf are 1-10km packet length, 5-25m amplitude, and 0.5-1.0m/s long

wave speed (Apel & Jackson, 2002).

Generation, propagation, and dissipation of internal waves are not completely
understood. Apel & Jackson (2002) provides two theories for the generation phase.
First, internal waves are created by the formation of a lee wave down current of a steep
change in bathymetry, such as the shelfbreak. Second, the barotropic tide causes direct
production of rank ordered solitons by shear flow instabilities just up current of the
shelfbreak. Internal waves then propagate away from the generation point. The
propagation phase is on the order of the semi-diurnal tidal period. Dissipation of internal
waves occurs due to shoaling bathymetry which slows the speed of advance and erodes

the amplitudes of oscillation.

Internal waves may be nonlinear and difficult to capture in ocean modeling, but
their strength and frequent presence inshore of the shelfbreak make them an important
feature of our analysis. Figure 3 shows a 24-hr time series of temperature measurements

from a 152m isobath mooring which measured the passage of internal waves in the
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Nantucket Shoals on the New England continental shelf. Several models have been
developed which show the structure and propagation characteristics of soliton packets
very well, however, prediction of the location and frequency of internal waves is not yet
available. The effects of internal waves on the acoustic field can be quite significant and
therefore must be included when estimating the environmental variability of the
shelfbreak region.

NEST | Mooring C (1562m) 24-hr Time Series for 5/30/2007 E

2

40
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= -]
o |
Q |
[m]
80 .
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120
12:00 AM 12:00 AM

Time (Z)

Figure 3. NEST I 24-hr temperature (°C) time series from Mooring C (152m isobath) showing internal
wave activity.

The two main water masses in the northern MAB are shelf water and slope water.
Shelf water is a result of cold, fresh Scotian Shelf water and warm, saline continental
slope water mixing in the Gulf of Maine (Mountain, 2003). The mixed water flows

around Georges Bank, through Nantucket Shoals, and further into the MAB. Inter-annual
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salinity variability is driven by both the fresh water content from the Scotian Shelf water
and fresh water river runoff directly into the MAB (Linder & Gawarkiewicz, 1998).
Shelf water is approximately 4-13°C and 32 PSU, although Mountain (2003) defines
shelf water as less than 34 PSU. In contrast, slope water is warm and saline, with a
temperature range of 13-18°C and a salinity of 35.5 PSU. Slope water flows from the
outer edge of the Gulf Stream current to the continental slope throughout the entire MAB.
In some areas of the MAB, the mixing of shelf water and slope water make it difficult to
identify the characteristic water masses. However, in the northern MAB, the shelfbreak

front usually creates a well-defined boundary between the water masses.

Along the shelfbreak in the northern MAB, the shelfbreak front defines the
boundary between cold, fresh shqlf water and warm, saline slope water. The scale of the
front is generally 20km across shelf with a horizontal temperature variation of roughly
5°C (Figure 4) and salinity variation of roughly 2 practical salinity units (PSU) (Figure
5). Previous characterizations of the shelfbreak front have used the 10°C isotherm or
the 26.5 kg/m” isopycnal to define the front. Here we will define the front by the 34.5
PSU.isohaline (Beardsley & Flagg, 1976; Linder & Gawarkiewicz, 1998). The foot of
the front, where the 34.5 PSU isohaline intersects the bottom, is usually located within
10km of the 100m isobath, while the location of the surface outcrop is much more
variable. The front is generally vertical with increased subsurface structure in the spring,
summer and fall, which can be described by two characteristic slopes; a lower region of
relatively constant slope, and an upper region with a seasonally variably slope. The

dominant feature of the shelfbreak front is the baroclinic frontal jet which varies
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seasonally in strength, width, and location. In Nantucket Shoals, the mean jet location is
Skm offshore of the 100m isobath, while seasonally the jet varies from 3km onshore to
12km offshore, in Oct-Nov and Dec-Jan, respectively. The core velocity of the jet ranges
from 0.17-0.30m/s, with the strongest flow occurring in the spring. The jet is 60m deep
year round, with a horizontal width of 15-20km, with exception of Dec-Jan, when the
width of the jet increases up to 40km (Linder & Gawarkiewicz, 1998). The jet is located
close to the shelfbreak near the foot of the front, rather than near the surface outcrop.

The shape and strength of the shelfbreak front, and associated jet, are important factors in

determining how acoustic propagation is affected as sound crosses the shelfbreak.

Cross-Shelf Spring Potential Temperature

Depth (m)

-100

150 S
100 50 0 50 100

Distance from 100m Isobath (km)

Figure 4. Nantucket Shoals spring potential temperature (°C) cross-shelf section as compiled in Linder, et
al. (2006).
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Cross-Shelf Spring Salinity

50

Depth (m)

-100

-1580
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Distance from 100m Isobath (km)

Figure 5. Nantucket Shoals spring salinity (PSU) cross-shelf section as compiled in Linder, et al. (2006).

Mesoscale eddies, or rings, formed from western boundary currents, such as the
Gulf Stream, are dynamic ocean features that can have significant impacts on acoustic
propagation conditions. An anomalous water mass separated from the main body of the
current due to a meander is called a ring, in order to differentiate it from the small-scale
eddies which spawn from the main current or the perimeter of the large eddies (Joyce,
1984). The Gulf Stream commonly sheds warm core rings consisting of warm Sargasso
Sea water and cold core rings of relatively colder slope water. At any given time,
cyclonic (cold core) rings cover 15% of the Sargasso Sea, and anti-cyclonic (warm core)
rings cover 40% of the Western Atlantic continental margin (Colling, 1989). The typical
scale of these rings is 100-150km, with cold core rings usually larger than warm core

rings. A composite sea surface temperature (SST) satellite image from May 27, 2007
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shows the presence of warm and cold core rings off of the Gulf Stream western boundary

current (Figure 6).

RU COOL NOAA-17 Sea Surface Temperature: May 27, 2007 0215 GMT
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Figure 6. Satellite sea surface temperature composite showing the presence of Gulf Stream warm and cold
core rings in the northern Middle Atlantic Bight. Image from Rutgers University Coastal Ocean
Observation Lab (http://marine.rutgers.edu/mrs/sat _data/).

Warm core rings are an important feature of the MAB because once generated
they move toward the North Atlantic shelf and often interfere with the structure of the
shelfbreak front (Csanady, 1979). Formed to the north of the Gulf Stream, warm core
rings generally move west at 3-5m/s, with internal currents up to 2m/s, and remain for 6-
8 months before mixing with surrounding waters or being reabsorbed back into the Gulf
Stream (Joyce, 1984). Warm core rings begin to form when a parcel of anomalous water

is isolated from the main current, usually due to a large meander pinching off of the main
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body. The less dense warm water spreads out over the surface at a velocity proportional
to the available potential energy. As the water spreads, it is deflected by the Coriolis
force, creating rotation of up to 2m/s. If the original parcél of warm water is large
enough to prohibit disintegration during the generation process, geostrophic balance is
established and the warm core ring can persist, self-contained. Due to friction and
entrainment of surrounding waters, the geostrophic current, which contains the ring,
slows down. The warm water in the core begins to spread and the Coriolis force again
restores the tangential velocity. This continues until the core water is thin enough to be
mixed into the surface layer or the ring is reabsorbed in the main current (Csanady,
1979). Particularly in the MAB, warm core rings, due to their structure, movement, and
potential interaction with the shelfbreak, can create exciting and variable effects on the

acoustic field.

Ocean temperature changes on a variety of scales. Latitudinal and seasonal
changes in water temperature are due to the Earth’s position relative to the sun. Similar
to seasonal changes on land, the Earth’s rotation affects the amount of surface heating
causing the ocean to experience seasonal variations throughout the year. Within the
water column, temperature generally decreases with depth, mainly driven by density
gradients which cause cooler, denser water to sink below warmer, less dense water.
Locally, depth-temperature changes depend on circulation and local water masses. Along
the shelf, the horizontal scale of temperature changes can vary from 10m to 100km, while

the vertical scale can be less than 1m.
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Daily temperature changes are caused by the Earth’s rotation about its axis and
have a considerable effect on the vertical temperature profile. The ocean surface
experiences diurnal heating, which is local heating due to the sun’s radiation during the
day and local cooling at night. A relevant example of this phenomenon is referred to as
the “afternoon effect”, in which the vertical temperature profile changes drastically in the
afternoon due to the sun’s radiation creating a very warm surface layer with a strong
sound speed gradient leading to very rapid changes in acoustic propagation conditions
(Figure 7). This effect was first noted when ships using hull mounted sonar arrays would
notice significant degradation in the performance of their sonar equipment every
afternoon when sound from a source would be refracted before reaching the hull mounted
array in the warm surface layer. Temperature profiles provide a “first look™ at the
vertical water column structure. However, without accurate 3-D environmental
information, it is difficult to fully utilize features such as the surface layer and exploit the

environment to maximum effect.
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Figure 7. Comparison of ray paths when surface temperature increases by 3°C in the afternoon. Figure
courtesy of A. Newhall.

Salinity is fairly constant in the global ocean. The average ocean salinity is 34.7
parts per thousand (%o) with a range of approximately 33-37 %o, except in extreme
locations such as the polar oceans or confined seas (Garrison, 2005). In many areas of
the ocean, salinity is not highly variable. However, the MAB, particularly along the
éhelfbreak, often sees dramatic changes in salinit;l (Figure 8). On average, the water over
the continental shelf is low salinity, 32 PSU, while the slope water has higher salinity,
35.5 PSU. The shelfbreak front is defined by the 34.5 PSU isohaline, but extremes in the
salinity contrast can be as great as 3 PSU within Skm. The error in direct conversion
between parts per thousand and PSU is generally accepted to be negligible. PSU will be

used throughout this study.
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Figure 8. Middle Atlantic Bight mid-depth (40—55 m) mean salinity for (a) winter, (b) spring, (c) summer,
and (d) fall. From Linder, et al. (2006).

Density gradients are driven by changes in salinity and temperature. The effects
of density are important in overturning water masses, creating geostrophic currents, and
lead to the stability of global ocean circulation. On the scales of interest to shallow water
acoustic propagation, less than 100km, density changes are most affected by temperature.
Often, in areas where the local variability in salinity is small, temperature trends
represent the dominant changes to the water column. As we have noted, the MAB is a
region of increased salinity variability due to the two main water masses which converge

at the shelfbreak. Although salinity is important in this region, the variation of the
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density gradients, especially seasonally, tend to follow changes in temperature (Linder &

Gawarkiewicz, 1998).

In addition to ocean features and processes, seabed characteristics are also of
great importance to acoustics. Although these characteristics cannot be grouped into the
same scale categories, understanding their variability is equally important. Seabed
characteristics, such as sediment type and thickness, vary spatially depending on
geological history, but generally have geological temporal scales much greater than the
scope of our acoustic predictions and so can be considered locally constant. Spatially,
however, seabed characteristics can vary sharply, particularly in dynamic areas such as
the shelfbreak. Several studies have been conducted on the geoacoustic properties of the
seabed along the northern MAB shelfbreak. Specific composition of the surface layer
varies depending on location along the shelf or slope. However, the seafloor in the NEST
study area generally consists of fine to medium grained sands and clays (Potty, Miller,
Lynch, & Smith, 2000). Unfortunately, geoacoustic data is relatively sparse and

boundaries in bottom type are often difficult to define.

1.3 Acoustic Uncertainty

Understanding the Variability of the ocean is important when using sonar systems
because small changes in the ocean can lead to significant changes in acoustic
propagation. In some situations, these changes can lead to an increase in transmission
loss of 10-15dB, which can easily be the difference between success and failure in

detection, localization, tracking, communication, etc. Mapping the fully 3-D ocean
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environment instantaneously would allow us to exploit these changes in order to
maximize acoustic performance. However, there is currently no way to have such an
instantaneous picture of a large coastal area, nor do we envision such a thing anytime
soon. Our best chance at exploiting the environment is to sample the ocean to the best of
our ability, quantify the variability, and predict the acoustic propagation, using a measure

of uncertainty to give error bounds to our prediction.

To begin looking at acoustic issues, imagine a surface ship with a passive variable
depth sonar array being towed at an arbitrary depth in 200m of water. There is a sound
source located at a depth of 100m. Figure 9a shows a temperature profile with a 10m
mixed layer, and a nearly isothermal profile extending to the bottom. Figure 9b shows a
similar environment with a 50m mixed layer. Figure 10 shows the corresponding sound
speed profiles creating downward refraction in the lower half of the water column. If we
were trying to hear the source at 100m depth with a surface ship towed sonar, knowledge

of the mixed layer depth (MLD) and placement of the receiver would be critical.
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Figure 9. Temperature (°C) profiles for a 200m water column with a) a 10m mixed layer, and b) a 50m
mixed layer.

Sound Speed Profiles for Variable Mixed Layer Depth
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Figure 10. Sound speed (m/s) profiles for a 200m water column with a) a 10m mixed layer, and b) a 50m
mixed layer.

TL fields were calculated for both environments using the Range-dependent
Acoustic Model (RAM). The TL field resulting from the first sound speed profile with a

10m mixed layer is shown in Figure 11. At high angles and short ranges, acoustic energy
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penetrates the mixed layer. However, at longer ranges, lower angle rays are reflected off
the bottom of the mixed layer, leading to increased TL above the layer. As the mixed
layer develops and deepens to 50m, some high angle rays which penetrate into the mixed
layer become trapped and propagate for a short distance within the layer. Lower angle
rays are still reflected from the bottom of the mixed layer and there is, again, increased
TL above 50m (Figure 12). Figure 13 shows the point by point change in TL (ATL)
between the fields created by each profile. Positive ATL indicates that the 50m MLD TL
is greater than the 10m MLD TL. Primarily, the large positive ATL is concentrated
above the MLD, indicating that TL increases above the layer as the layer depth deepens,
for a source below the layer. Figure 14 shows the transmission loss between the source at
100m depth and a receiver at a range of 10km. When the towed array is below the layer,
the predicted TL is similar in both environments (-72-76 dB). However, in the same
environment (50m MLD), changing the depth of the receiver from above the layer (40m)
to below the layer (70m) would result in an improvement in TL of +14 dB, which is great
enough to significantly improve signal excess. Source detection, localization, etc. are of
course much more complex than this simple example. Many environmental and
engineering variables contribute to the problem, but to first order, this example illustrates
how being unaware of the state of the environment can lead to uninformed decisions in

sensor placement and thus a decrease in sonar performance.
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Figure 11. Transmission loss (dB) from a source at 100m in a 10m mixed layer environment.
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Figure 12. Transmission loss (dB) from a source at 100m in a 50m mixed layer environment.
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Figure 13. Change in transmission loss (dB) from TL field with a 10m mixed layer to TL field with a 50m
mixed layer.
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Figure 14. Transmission loss (dB) between an 800Hz source at 100m and a receiver at 10km.
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1.4 Approach

Our approach to quantifying uncertainty is as follows. First, it is important to
identify which of the parameters affecting acoustic propagation are the most critical
within the area of interest. Second, we will determine the variability of these parameters,
with respect to the experimental data. Finally, we will present a method for predicting

changes to TL based on sound speed perturbations.

The NEST expe;iments were conducted in the waters of the MAB, specifically
within the Nantucket Shoals. Dominant features which are thought to contribute greatly
to the changes in acoustic propagation within this region are the surface mixed layer, the
shelfbreak front, and internal waves. Within these features, several parameters have been
identified as critical keys to anticipate changes in acoustic propd;gation between source
and receiver. These parameters are the mixed layer depth, the depth of the Cold Pool
duct, the thickness of the middle layer, the cross shelf position of the foot of the

shelfbreak front, and the height and period of the internal waves.

In order to determine the variability of the critical keys, we will evaluate the
observations taken during NEST I and II and the comprehensive climatology for the area
that has been presented in Linder, Gawarkiewicz, & Taylor (2006). Environmental
statistics, particularly the mean and variance of the water column properties, can provide
us with details on the background state of the temperature, salinity, and sound speed
fields and their fluctuations. However, when the number of observations is limited, this

is not a reliable measure. Empirical orthogonal function (EOF) analysis of the sound
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speed field will provide a comparison of this background state and the variability of the
collected data. Using a combination of environmental statistics and simple waveguide
models, we will determine the effects of the critical parameters and identify which ones

have a significant effect on changing TL.

Several approaches have been used to understand and quantify uncertainty. These
methods include using environmental statistics, probability density functions and
estimating parameter sensitivity. As discussed above, environmental statistics provide a
first look at the environmental variability and can lead to inferences about the acoustic
uncertainty. Another method using probability density functions (pdf) and comparing the
mean TL (pry) to the standard deviation of TL (o) was described in Abbot, Dyer, &
Emerson (2006). Dosso has presented a method for determining sensitivity based on an
environmental uncertainty distribution (Dosso, 2008). Here, we will present a method
which combines wavenumber perturbation theory with the effects of bottom attenuation

to predict changes in transmission loss.
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Chapter 2: The Environment

2.1 Climatology

Important for its dynamic oceanography, relatively benigh topography, and role in
commercial fisheries, the MAB has been the site of numerous experiments and long term
data collection efforts. Due torthe abundance of data available for this area, an extensive
climatology has been created (Linder & Gawarkiewicz, 1998) and updated using methods
described in Linder; et al. (2006). This climatology was created from a wide collection of
oceanographic data including the HydroBase2 global database, Shelf Edge Exchange
Processes (SEEP) hydrographic data, and National Oceanographic and Atmospheric
Administration (NOAA) National Marine Fisheries NMF) hydrographic data (1990-
2001). The spring climatology, which includes observations from April 1-June 30,
comprises 30% of the total observations and covers the season of interest in this study
(Lindef, et al., 2006). While this climatology is the most extensive collection of data for
the MAB, the spatial gradients in the data can appear smoothed due to the averaging of

data over broad time frames, large along shelf distances, and a wide variety of processes.

Seasonal variation is most evident in the temperature gradients where the
contrast varies from 2-6°C (Figure 15). The location of the front is often identified by the
10°C isotherm; however, during the summer and fall, mixing has eliminated a clear
deﬁnition of the Cold Pool and the 10°C isotherm is not even present within the domain
of Figure 15. It is due to this large movement in the 10°C isotherm that the 34.5 PSU

isohaline is considered a better locator of the position of the front. The largest cross-shelf
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temperature gradients are located near the 100m isobath, generally coinciding with the

position of the shelfbreak front, and are strongest during the spring.

Nantucket Shoals Seasonal Potential Temperature (°C) Cross-Shelf Sections
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Figure 15. Nantucket Shoals seasonal potential temperature (°C) cross-shelf sections for a) winter, b)
spring, ¢) summer, d) fall from climatology (Linder, et al., 2006). Solid line shows the 10°C isotherm.

Salinity shows less seasonal variation throughout the year, with the exception of
spring (Figure 16). In winter, summer, and fall, the salinity fields are similar to each
other, with a standard deviation of only 0.75 to 1 PSU. There is increased sub-surface
structure to the front itself during summer and fall, as denoted by the 34.5 PSU isohaline.
However, during the spring, increased freshwater input from the Gulf of Maine and
offshore wind-driven transport results in increased variability in the vicinity of the
shelfbreak front, with a standard deviation of 4.5 PSU (Linder, et al., 2006). Inter-annual
variation may be caused by salinity intrusions which have been observed throughout the

MAB, but are not considered here because there was little inter-annual salinity variation
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from NEST I to NEST II. The 34.5 PSU isohaline defines the core of the front and
closely follows the 100m isobath near the seafloor. The intersection of the 34.5 PSU
isohaline with the bottom defines the foot of the front, which shows little seasonal or
annual variation, remaining within 10km of the 100m isobath. At mid-depth, the front is
slightly more offshore, approximately 20km seaward of the 100m isobath, with a 3°
frontal slope. The maximum salinity variance coincides with the mean position of the

front.
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Figure 16. Nantucket Shoals seasonal salinity (PSU) cross-shelf sections for a) winter, b) spring, c)
summer, d) fall from climatology (Linder, et al., 2006). Solid line shows the 34.5 PSU isohaline.

Cross-shelf sections of spring potential temperature and salinity were shown in
Figure 4 and Figure 5, respectively. Profiles within the Nantucket Shoals region were
extracted from the climatology to provide a background environment for this

investigation. For the spring season (April 1-June 30), the climatology shows a warm

40



surface layer, a temperature minimum at approximately 30-40m, and a warm bottom
layer (Figure 17). The saline and fresh water masses are clearly defined by the front.
Individual salinity profiles show a general trend of increasing salinity from the surface to
the bottom (Figure 18). The corresponding sound speed cross-shelf section shows a
weakly defined duct with a sound speed minimum between 30-40m which weakens with
passage through the shelfbreak front (Figure 19). Although bottom interaction is
generally a large source of attenuation in shallow water environments, it may not be a
dominant factor just shoreward of the shelfbreak because the majority of the sound speed
profiles there are upward refracting. From the criterion established in Linder, et al.
(2006), ducting conditions existed in 41% of spring casts. With the intensification of
stratification from spring to summer, the likelihood of strong ducting increases

throughout the season.
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Figure 17. Spring potential temperature profiles (°C) crossing the front within the Nantucket Shoals region,
extracted from climatology (Linder, et al., 2006).
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Spring Salinity Profiles
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Figure 18. Spring salinity profiles (PSU) crossing the front within the Nantucket Shoals region, extracted
from climatology (Linder, et al., 2006).
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Figure 19. Spring sound speed profiles (m/s) crossing the front within the Nantucket Shoals region,
extracted from climatology (Linder, et al., 2006).

42



2.2 The NEST Experiments

The NEST experiments took place in the northern MAB region, known as
Nantucket Shoals, during May and June, 2007 and 2008 (Figure 20). Objectives of the
experiment were to test the Autonomous Wide Aperture Cluster for Surveillance
(AWACS) utilizing multiple autonomous platforms for environmental sampling, and
acoustic detection and tracking of underwater sound sources. Benign bathymetry and
dynamic, yet fairly well understood, oceanography provided an excellent setting for

testing AWACS.
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Figure 20. AWACS/NEST Test area for NEST [ (2007) and II (2008). Figure courtesy of G. Gawarkiewicz.
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The NEST experiments did not include a bottom survey; however, previous
experiments within the area have included extensive seafloor surveys. Bottom sediment
characteristics were taken from the results of the series of PRIMER experiments
conducted from 1996 to 1997 in the same area as NEST. Throughout the MAB area, the
seafloor consists of a top layer of fine sediments over fine to medium grained sands and
clays (Potty, et al.., 2000). As the seafloor transitions from shelf to slope the surface
layer of fine sediments becomes progressively thinner (Potty, Miller, & Lynch, 2003).
Inversion methods from Potty, et al. (2000) resulted in a sound speed of 1660m/s for the
upper 15m of the seafloor, which corresponds to silty sands or sandy silts, while cores
taken slightly east and west of 71°W showed a range of 1575-1600m/s within the upper

several meters of seafloor.

Acoustic experiments were conducted from May 26-30, 2007 during NEST I, and
from May 30 to June 2, 2008 during NEST II. Although the NEST experiment arca
covered approximately 3000 km?, the environmental analysis is limited to the immediate
area of the acoustic experiments. The region of interest is a 60km section from 40.05°N
to 40.6°N, along 71°W with a 1km buffer zone on either side. Scanfish physical
oceanography sﬁrveys (scans) of the NEST area were conducted during each 24-hr
period,‘with the middle transect of each survey sampling the region of interest. Three
moorings were deployed with rapid sampling thermistors placed at multiple depths to
continuously record water temperature at 10 second intervals in a line along 71°W during
both experiments. Table 1 provides information about the location, deploymeﬁt and

retrieval, and sensor depths for each mooring. Generally, mooring A was located on the
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The bathymetry profile was created from the Ship’s Monitoring System (SMS)
onboard the Research Vessel Hugh R. Sharp (R/V Sharp) during NEST II. The depth
ranged from 230m at the southern end of the region of interest to 70m on the shelf. The
100m isobath is approximately in the middle of the region of interest. The bathymetry
profile was compared to data from the National Geophysical Data Center (NGDC) with

excellent agreement (Figure 22).

Bathymetry Profile along 71°W
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Figure 22. Bathymetry profile along 71°W. R/V Sharp bathymetry from the Ship's Monitoring System
(SMS). Comparison data provided by the National Geophysical Data Center (NGDC) IHO Data Center for
Digital Bathymetry (http://www.ngdc.noaa.gov/mgg/bathymetry/iho.html).

CTD profiles were used to augment the Scanfish profiles for each NEST
experiment. The Scanfish profiles were limited to a maximum depth of 120m due to the
operating limits of the equipment. The NEST I profiles were densely populated to the
south, beyond the 120m isobath. CTD profiles were used to interpolate sound speed from
120m to the bottom. Nine CTD profiles were selected which were spatially and

temporally best fit (Figure 23). Only two CTD profiles were deep enough to provide data
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for the missing depth region 120-230m. CTD 26 was selected from these two as the best
fit, since the only other deep profile, CTD 27, was on the outer edge of the region of
interest. Initially, a curve was fit to CTD 26 to provide interpolated sound speed for the
missing depth region. However, warm ring water within a slope eddy located just below
the shelfbreak near the 120m isobath caused an increase in sound speed from 120-200m.
Although the calculated curve was a good fit to the CTD 26 profile, it created a steep
artificial sound speed gradient from 100-120m when appended to the Scanfish profiles.
To prevent this artificial gradient, a mean profile of the 9 CTDs was used, which
smoothed the effect of the ring water and improved the transition from Scanfish profiles
to the extended profile (Figure 24).
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Figure 23. NEST I CTD profiles collected from May 26-30, 2007 within the region of interest from
40.05°N to 40.6°N, along 71°W with a 1km buffer to either side.
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NEST | Sound Speed at Depth
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Figure 24. Comparison from 100-230m of CTD 26, fitted curve, and the mean of 9 NEST I CTD profiles.

NEST II Scanfish surveys were more densely populated toward the northern end
of the region of interest, which was shallower and within the operating limits of the
Scanfish. Therefore, the NEST II profiles did not need to be depth corrected. However,
there were limited profiles in the southern portion for Scans 1 and 2, and adverse weather
conditions prevented the completion of Scan 4, resulting in the use of the ship’s CTD for
the remaining transect. CTDs were used to augment the Scanfish profiles for NEST II
Scans 1, 2, and 4.

To understand, on a basic level, the variability within the water column, a simple
definition is constructed using commonly measured properties, such as temperature and

salinity. If the vertical profile of the water column is anisotropic, then there exists a
gradient ( % ) of the water column property (p). The vertical variability (4py) is found

by moving up or down.
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dp
Ap, = I dz (2.1)

In a vertically isotropic water column, the variance would be zero because there is no
gradient. The strength of the vertical gradient can be affected by the horizontal
movement of the water column, for example, the seaward movement of the Cold Pool.
Vertical movement across the gradient is mostly caused by internal waves. In an
environment with weak gradients and little to no internal wave activity, we would expect
little variability of the water column properties. Likewise, large variability indicates the

presence of either strong gradients, internal waves, or both.

The ocean is not a horizontally homogeneous environment and property gradients
exist in the horizontal as well as the vertical. The definition described above is easily

adapted to measure the horizontal variability within the environment by measuring the

a

X o d
horizontal derivatives ( 22 and
dx dy

dp dp
Appx = ox dx , Appy = Zi; dy (2.2)
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23 NESTI
2.3.1 Scanfish Surveys

During NEST I, there was a clearly defined horizontal front and a Cold Pool of
water with a minimum temperature of 4°C. Slope water was present directly beneath the
front, with more saline ring water below. The ring water was a remnant of a warm, saline
meander from the Gulf Stream, creating an offshore slope eddy (Figure 6). The satellite
SST image from May 27, 2007 shows a remnant of warm water near the NEST area. The
Cold Pool extended over the offshore slope eddy, which did not extend to the surface.
Although a similar slope eddy existed during the Shallow Water 06 (SW06) experiment,
the cold shelf water did not flow over the eddy during that experiment (Gawarkiewicz,
Bahr, Beardsley, & Brink, 2001). The mean water temperature was 7.6°C, with a range
of 5.3-12.3°C and a standard deviation of 0.96°C. The depth of maximum variability
differed daily from either the main thermocline or the foot of the froht. The mean salinity
during NEST I was 33.3 PSU, with a range of 32.4 — 35.1 PSU, and a standard deviation
of only 0.22 PSU. The maximum variability was located between 100-120m, indicating
that the intersection of the bottom of the Cold Pool and the top of the warm, saline slope
water was likely the source of the variability. Unlike temperature, a near surface
halocline did not exist, only a deeper one defined by the shelfbreak front. Shoreward of
the front, the fresh shelf water extended from the base of the Cold Pool to the surface.
This indicates that the surface layer is made up of fresh shelf water which has been
warmed by solar radiation creating a surface thermocline. The mean sound speed was

1479.4 m/s, with a range of 1470.1-1497.0 m/s and a standard deviation of 3.87m/s. The

50



variability in the sound speed resembled that of the temperature, indicating that either the

thermocline or the bottom layer, or both, were the source of maximum variability.

NEST I Scan 1 (abbreviated N11) shows a shallow, warm, fresh mixed layer, with
a thermocline from 10m to 35m (Figure 25). From a temperature minimum at 35m
(5.1°C), the water column is fairly isothermal with a warm bottom layer beneath 100m.
The horizontal temperature slice shows the dominant Cold Pool (Figure 26). The
standard deviation of the temperature profiles is 1.0°C, and the maximum variance is at a
depth of 100m. The intersection of the bottom of the Cold Pool and the warm bottom
layer appears to be the source of the maximum temperature variability. The less saline
surface water (32.5 PSU) extends down to a depth of approximately 100m, where there is
an intrusion of more saline water (35.1 PSU) near the bottom. However, there is a
continuous increase in salinity from the surface to the bottom, as represented by the mean
salinity profile, with a standard deviation of 0.3 PSU. There is a sound channel bounded
by the warm layers at the surface and seafloor, with a sound speed minimum at 30-35m.
From 30m to 80m, the sound speed profiles are roughly isovelocity until the warm saline
bottom water causes an increase in sound speed and an upward refracting profile. The
maximum standard deviation (¢ = 8.26m/s) is located at a depth of 96m, however, the
depth region from 60-110m has increased variability compared with shallower regions.
Therefore, we can estimate for N11 that the bottom layer is the dominant source of

variability.
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N11 5/26/07 Profiles
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Figure 25. Temperature, salinity, and sound speed profiles from N11, 5/26/07. Dashed line shows mean
profile.
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Figure 26. Temperature (°C) cross section of N11 on 5/26/07. Figure courtesy of F. Bahr.
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N12 shows the greatest variability during NEST I. There is warm surface water
with no clearly defined mixed layer but a thermocline present from the surface to a
temperature minimum (4.9°C) at 40m (Figure 27). The temperature slowly increases
from 40m to the bottom. The mean water temperature is warmer (8.4°C) than each of
the other scans, or the NEST I mean, and the standard deviation is at a maximum (c =
2.17°C). N12 profiles show maximum variance at two depths, 30m and 72m, indicating
that both the thermocline and the bottom layer contribute, almost equally, to the
variability. The horizontal temperature slice shows a slightly smaller Cold Pool, possibly
indicating that the Cold Pool has moved slightly shoreward, affecting both the
thermocline and bottom layer, and causing an increase in mean water temperature (Figure
28). The salinity profiles show less saline water from the surface to approximately 60m
where the more saline water is present in the bottom half of the water column. The
mixing of fresh and saline water from 60-80m results in increased variability between
these depths, with a standard deviation of 0.59 PSU. The sound speed profiles show
decreasing sound speed from the surface to a minimum at 44m, then increasing sound
speed to the bottom. The standard deviation of the sound speed peaks at 32m and 72m,
with a much greater magnitude than any of the other scans (8.89m/s). The increased
standard deviation in temperature and sound speed at approximately 30m and 75m
suggests that the thermocline and bottom layer are both important sources of variability.
Driving mechanisms for variability along both the main thermocline and bottom
thermocline could be internal waves, horizontal movement of the Cold Pool or advection

of cross-shelf gradients into the region of interest.

53



N12 5/27/07 Profiles
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Figure 27. Temperature, salinity, and sound speed profiles from N12, 5/27/07. Dashed line shows mean
profile.
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Figure 28. Temperature (°C) cross section of N12 on 5/27/07. Figure courtesy of F. Bahr.
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N13 profiles show a similar water column structure to N11 and N12 (Figure 29).
A few individual profiles show that a thin mixed surface layer is being reestablished,
although this is not yet represented in the mean profile. The mean temperature has
decreased (7.5°C) while the range of temperatures remains the same. This implies that
the Cold Pool may be moving in and out of the region of interest, creating a shift in the
mean temperature. The movement of the Cold Pool could be a result of barotropic tidal
effects, or frontal waves. Frontal waves, or topographic shear waves, propagate along the
front and are a result of baroclinic instability. These waves are affected by both the
degree of stratification and bottom slope. Common during the summer in the MAB,
frontal waves often have a bottom trapped mode with a period of approximately 2 days
(Gawarkiewicz, 1991). The variable position of the foot of the front may be driven by
this bottom trapped mode, directly affecting the seaward extent of the Cold Pool.
Although movement of the Cold Pool appears within the Scanfish slices, the short
duration of collected data is insufficient to resolve the actual driving mechanism. The
maximum temperature variance is located at 104m, where the sta<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>